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An important question in these materials is how their physical properties can be understood from their electronic structure and to which extent simplified descriptions in the form of effective Hamiltonians describe their basic physical properties in the normal state. This step is required to unveil the control parameters which impact most the critical temperature of the superconducting phase in the copper oxide compounds.
It is generally accepted that the physics of the copper oxide high temperature superconductor families is captured by the copperoxygen layers [1, 2] and the active degrees of freedom are the Cud9 (one hole in d x 2 Ày 2 ) orbitals and the in-plane O p x and p y orbitals. This representation is traditionally simplified further by integrating out the in-plane oxygens, giving the canonical Hubbard model: the equivalent of the standard model in the field of strong correlations.
A large number of works starting with Ref. [3] have shown that the Hubbard model describes indeed many qualitative properties of the copper oxygen layers. However, the precise energy range over which the description is valid and the quality of this description for different observables, is still a subject of active research. This representation hinders the research of identifying atomistic parameters which could correlate with the presence of superconductivity: all the variables are effectively embedded in a single number, U=t, where U is the effective Coulomb repulsion and t the hopping amplitude. Although the model captures the key ingredients, and in particular the localization/delocalization transition induced by the competition between the Coulomb repulsion term and the bandwidth, the correspondence between the model parameters U; t and the chemistry of the copper oxide compounds is not transparent.
A key question is hence how to map the copper oxide layers onto the various effective Hamiltonians, and what are the effective parameters and their correspondence to the compounds. This is a key question to guide the design of the next generation of high temperature superconductor materials.
A standard approach to address this issue is to start from an abinitio first principle calculation, and extract the parameters of the active space (one, three or six band description). Although extracting one electron parameters, such as the tunnelling amplitudes, chemical potential, and charge transfer energies is straightforward, extracting the amplitude of the electronic correlations within the active space is challenging. Typically, one use approximate techniques, such as constrained DFT, or quantum chemical method to derive the interaction parameters [4] [5] [6] . However, the latter approaches provide only an estimate of the Coulomb screened interaction quantities at best. Furthermore, the inherent dynamical dependence of the screened Coulomb repulsion UðxÞ [7] , neglected in most standard approaches, renders this identification in some cases impossible.
The other approach is driven by a direct comparison with experiments, and comparing a set of theoretically predicted observables with experiments. As the parent compounds of the copper oxides are insulating, a landmark quantity for the comparison between theory and experiments is the charge gap. A direct experimental observation of the charge gap has however eluded scientists for many years, as it is technically challenging to obtain a precise estimate of the gap by scanning tunnelling spectroscopy (STM) data for cuprates.
The group of Prof. Yayu Wang however allowed recently to access this quantity [8] , and they reported a direct anti-correlation between the charge gap and the superconducting critical temperature.
The charge gap provides a signature of the strength of the correlations in the copper oxide materials, and is tied to the fact that cuprates are near the localization/delocalization transition. The origin of the insulating gap in the parent compound is however a non-trivial question.
In the language of the one band Hubbard theory, two distinct scenario can occur. In the Slater picture, the insulating behavior is understood as the result of a doubling of the unit cell caused by antiferromagnetic long range order, and boils down to nesting eventually. In the Mott picture, the insulating behavior is the result of the local blocking of the electron propagation due to the strong In the presence of antiferromangetic long range order which doubles the unit cell the two pictures are continuously connected and there is no sharp observable that can distinguish between the two. Both magnetic order and blocking contribute to the insulating gap but the relative contributions of these effects is still a subject of active investigation [9, 10] .
This picture remains valid for the case of a hybridised Cu-3d and O-p system (charge transfer system). However, the strength of the correlation is not only obtained by the amplitude of the U term, but is controlled by the Madelung charge transfer energy between the d and p orbitals, as discussed by the pioneering work of Zaanen et al. [11] and their sharp (so called ZSA) boundary between charge transfer metals and charge transfer insulators.
In this light, Ruan et al. [8] provides for the first time a direct and precise experimental observation of the microscopic parameters and the energy scale involved in determining the superconducting temperature: the energy difference between the Cu-3d and in-plane O-p orbitals.
The charge-transfer energy is a localized, atomic-like quantity: a quantity which can be calculated and estimated by theoretical first-principle calculations, and hence their work allows for a direct comparison between theory and experiments. It has been debated in the literature whether the copper oxides are Slater or Mott insulators. It had been reported early in the literature that typical cuprates (LaCuO 4 ) are near the ZSA transition between magnetic and Mott insulator [12] . However, the degree of electronic correlation is not identical amongst the cuprates: electron doped materials (T* structure, where the apical oxygen around the Cu site are lacking) are typically found to be less correlated [13] . To which extent the strength of correlations (e.g. the amplitude of the charge transfer gap) relates to superconductivity has eluded theorists for the last decades, until recently.
How superconductivity relates to the normal state has been a long standing question. Recently it has been shown, within the framework of numerical approaches of the Hubbard model, that there is an organising principle: the superconducting order parameter is maximum for a Coulomb repulsion corresponding to the metal-insulator transition [14] . At the transition, both localized and itinerant electrons coexist and provide the ideal glue for superconductivity. This has also been suggested in a recent work on the scaling of T c with the charge transfer energy among the cuprates [15] .
Furthermore, it was recently shown that annealing the apical oxygen in electron doped materials had a dramatic impact on the stability of the magnetic and superconducting properties [16] . Indeed, removing the residual apical oxygens in typical electron doped materials suppress completely the magnetic phase, and the material is found to be magnetic. This raised a fundamental question: is there any connection between the emergence of superconductivity and the apical oxygen? And what is the bigger picture, how does the presence of apical oxygen relate with the work of Ruan et al. [8] ? Can we obtain a simple connection between structural properties and the superconducting properties?
A first step towards this explanation, is the naive picture that when we bring the negatively-charged apical oxygen towards the CuO plane, the resulting electrostatic repulsion increases the charge transfer energy (and hence the charge transfer gap) by rendering it costly to place an electron on the Cu site. These simple structural trends are less clear for multi-layer cuprates, where additional variables such as the inter-layer distance introduce additional complexity.
A non-monotonic relation between the charge transfer gap and the apical-Cu distance can however be expected. Indeed, the electrostatic picture neglects subtle effects such as the change in the hybridisation between the Cu-d and apical O orbitals. As the apical oxygen is brought closer to the Cu atom, it results in an increase in the bandwidth due to the stronger out-of-plane hybridisation, and in turn reduces the strength of correlations. Ultimately, correlated numerical approaches such as DFT + DMFT, or DFT + DMFT + GW will be required to assess this relation.
Studies linking the known empirical trends to micro-scopics have generally established that the properties of the apical atoms (O, F or Cl, depending on the cuprate family) are the relevant materials-dependent parameters.
However, conclusions vary regarding their effects on electronic properties, especially in multi-layer cuprates where not all compounds have apical atoms. Early theoretical work by Ohta et al. [17] found correlations between T c and the Madelung potential of the apical oxygen, arguing that the apical potential controls the stability of the Zhang-Rice singlets. In a more recent DFT study, Pavarini et al. [18] argue that the apical distance affects the electronic structure primarily via the one-electron part of the Hamiltonian. It was also argued that moving the apical oxygens away from the copper oxide plane allows stronger coupling of in-plane O 2p orbitals to the Cu 4s, enhancing the strength of longer ranged hoppings [18] .
The work of Ruan et al. [8] clarifies this discussion by identifying the key energy scale which controls ultimately the critical temperature, the charge transfer energy. Their work will certainly motivate future theoretical work to obtain a clearer picture of the connection between the charge transfer gap and the structural parameters and the chemistry of the material.
Going forward, in the work of Ruan and collaborators, the authors extract an essential energy scale, the charge transfer gap, which correlates with the maximum superconducting transition temperature T c;max across the cuprates. This quantity is believed to connect directly to a local atomic-like microscopic parameters, the charge-transfer energy, which in turn can be related to the structural properties of the compound. The authors reported that the variations in the charge-transfer energy largely accounts for the trend in T c;max across the cuprate families, which opens a new direction for designing in the future superconductors with optimal properties.
